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Abstract

Background: RASopathies are a group of disorders that result from mutations in genes coding for proteins involved
in regulating the Ras-MAPK signaling pathway, and have an increased incidence of autism spectrum disorder (ASD).
Legius syndrome is a rare RASopathy caused by loss-of-function mutations in the SPREDT gene. The patient pheno-
type is similar to, but milder than, Neurofibromatosis type 1—another RASopathy caused by loss-of-function muta-
tions in the NF1 gene. RASopathies exhibit increased activation of Ras-MAPK signaling and commonly manifest with
cognitive impairments and ASD. Here, we investigated if a Spred1-/- mouse model for Legius syndrome recapitulates
ASD-like symptoms, and whether targeting the Ras-MAPK pathway has therapeutic potential in this RASopathy
mouse model.

Methods: We investigated social and communicative behaviors in Spred1-/- mice and probed therapeutic mecha-
nisms underlying the observed behavioral phenotypes by pharmacological targeting of the Ras-MAPK pathway with
the MEK inhibitor PD325901.

Results: Spredi-/- mice have robust increases in social dominance in the automated tube test and reduced adult
ultrasonic vocalizations during social communication. Neonatal ultrasonic vocalization was also altered, with signifi-
cant differences in spectral properties. Spred1-/- mice also exhibit impaired nesting behavior. Acute MEK inhibitor
treatment in adulthood with PD325901 reversed the enhanced social dominance in Spred1-/- mice to normal levels,
and improved nesting behavior in adult Spred1-/- mice.

Limitations: This study used an acute treatment protocol to administer the drug. It is not known what the effects
of longer-term treatment would be on behavior. Further studies titrating the lowest dose of this drug that is required
to alter Spredi-/- social behavior are still required. Finally, our findings are in a homozygous mouse model, whereas
patients carry heterozygous mutations. These factors should be considered before any translational conclusions are
drawn.

Conclusions: These results demonstrate for the first time that social behavior phenotypes in a mouse model for
RASopathies (Spred1-/-) can be acutely reversed. This highlights a key role for Ras-MAPK dysregulation in mediating
social behavior phenotypes in mouse models for ASD, suggesting that proper regulation of Ras-MAPK signaling is
important for social behavior.
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Background

Autism Spectrum Disorder (ASD) is a genetically hetero-
geneous disorder of neurodevelopment. Syndromic ASD,
in which rare genetic syndromes have an increased pen-
etrance for ASD, accounts for ~5% of overall ASD inci-
dence [1]. Diagnosis of ASD requires two clinical criteria:
(1) deficits in social interaction and social communica-
tion, and (2) restricted, repetitive patterns of behavior,
which can include hyper- or hypoactivity to sensory
input [2]. RASopathy disorders stem from mutations in
genes encoding regulators of Ras-mitogen-activated pro-
tein kinase (Ras-MAPK) signaling, and patients exhibit
heightened incidence of ASD [3-8]. RASopathies also
result in overlapping phenotypes in cardiac, craniofacial
and dermatological domains, as well as increased tumor
risk [9]. The RASopathy Neurofibromatosis type 1 (NF1)
is a major syndromic form of ASD, resulting from muta-
tions in the NFI gene encoding for neurofibromin, a neg-
ative regulator of Ras. Social problems among children
and adults with NF1 are well documented [10-12], and it
is estimated that 10-25% of patients have ASD [5, 13, 14].
Incidence of ASD in Noonan syndrome, another RASo-
pathy, is reported to be around 30% [3]. Dysregulation
of Ras-MAPK signaling is also likely to be important for
non-syndromic ASD, as it has been demonstrated to be
a major signaling network hub upon which ASD-linked
genes converge [15].

Legius syndrome is a rare RASopathy resulting from
mutations in SPREDI (Sprouty Related EVH1 Domain
Containing 1) [16], a member of the Spred protein fam-
ily and negative regulator of Ras. Legius syndrome pre-
sents as a milder form of NF1, with~50% of patients
meeting clinical criteria for NF1 [17]. A review of the
clinical phenotypes of Legius syndrome patients pub-
lished to date is presented in Additional file 1: Table 1.
A SPREDI mutation database is maintained at https://
databases.lovd.nl/shared/genes/SPRED1 and to date,
287 individuals (all ages) have been reported. Similar
to NF1 patients, Legius syndrome patients have café-
au-lait spots, axillary or inguinal freckling and macro-
cephaly, but do not have other NF1 manifestations such
as neurofibromas, optic pathway gliomas or malignant
peripheral nerve sheath tumors. As with NF1, cognitive
phenotypes, including learning disabilities and/or intel-
lectual disabilities, have been reported in most studies of
Legius syndrome [16—26]. Developmental delay, ADHD
and hyperactivity are also frequently seen [16-18, 20, 21,
27, 28] and autistic features or autism spectrum disorder

have been reported in a subset of patients [20, 27, 28].
However due to the small number of patients, it has not
been possible to investigate the prevalence and specific
characteristics of ASD in Legius syndrome with stand-
ard rating scales, as has been done for NF1 and other
RASopathies such as Noonan syndrome [3, 5, 6, 13, 14,
29]. A study investigating intelligence and behavior with
standard questionnaires in 15 Legius syndrome patients
was able to demonstrate that performance IQ is lower in
these patients, but was not sufficiently powered to detect
if there were significant differences in behavioral sub-
scores compared to a NF1 cohort [28].

In addition to the clinical overlap between NF1 and
Legius syndrome, at the biochemical level the SPRED1
protein interacts with neurofibromin, recruiting neurofi-
bromin to the membrane and enabling Ras-GAP activity
of neurofibromin and suppression of downstream ERK
activation [23, 30]. Pathogenic missense mutations in
the EVH1 (neurofibromin-binding) domain of SPRED1
result in decreased affinity for neurofibromin and attenu-
ation of ERK suppression [23]. The biochemical and clini-
cal overlap between NF1 and Legius syndrome suggests
that Spredl mouse models can offer insights into the
shared molecular mechanisms underlying both of these
syndromes. Further bolstering this hypothesis, a recent
clinical study compared the ASD phenotype across three
RASopathies, NF1, Noonan syndrome and cardiofacio-
cutaneous syndrome (CFC), which each stem from muta-
tions in different regulators of the RAS-MAPK pathway.
This revealed that ASD profile was relatively similar
across RASopathies [4]. There were significant differ-
ences in developmental delay and trajectory between
RASopathies but Autism Diagnostic Observation Sched-
ule (ADOS) scores were not significantly different,
suggesting that some generalizability of mechanistic aeti-
ology over RASopathies may be possible.

Mouse models for RASopathies consistently exhibit
cognitive deficits, modelling some aspects of patient
cognitive phenotypes [31]. Nfi+/— and Spredl-/- mice
have impaired hippocampal-dependent spatial memory
in the Morris water maze [32-34] and NfI+/— mice
have working memory dysfunction [35]. Spredi-/- mice
also have decreased performance in visual discrimina-
tion learning [32] and impaired instrumental operant
learning [36]. Consistent with these alterations in hip-
pocampus-dependent behaviors, defects in hippocampal
LTP are seen in both Nfi+/— and SpredI-/- mice [32,
34]. Nfl+/— mice have impairments in long term social
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recognition memory, but their short term preference for
social novelty is intact [37, 38]. However, it is not known
if Spredi-/- mice can also model social and behavior
alterations relevant to ASD.

Here, we examined ASD-linked behaviors in a SpredI-
/- mouse model for Legius syndrome. Spredl-/- mice
exhibited abnormal social behavior in the automated
tube test and impaired nest building behavior. Ultrasonic
vocalization communication was altered in Spredl-/-,
both in early neonatal development and in adulthood in
response to social stimuli. Acute pharmacological inhibi-
tion of the Ras-MAPK pathway with a MEK inhibitor in
adulthood reversed abnormal social dominance behavior
and nesting impairments in Spredl-/-, pointing to a key
role for dysregulated Ras-MAPK signaling in regulating
social behavior.

Methods

Animals

Spred1-/- mice were generated as previously described
[39]. Spredi+/— mice were backcrossed at least 10
times onto the C57BL/6 ] (B6) background prior to
breeding to generate experimental animals. In two sep-
arate cohorts of mice for the automated tube test and
open field (see Table 1), Spredi+/— mice on B6 back-
ground were crossed with 129T2/SvEm] mice, and F2
hybrids (referred to as B6;129T2 from hereon) from
these crosses were used for experiments. Mice were
genotyped by PCR of DNA extracted from neonatal toe
biopsy. For all behavior experiments analyzing Spredl-
/- mice, Spredl+ /+ wildtype mice (henceforth referred
to as WT), which were littermates from the Spred1+/— x
Spred1+/— breeding, were used as controls. Mice were
housed under standard laboratory conditions on a 12 h
dark/light cycle and all behavior testing was carried out
in the light cycle. Bedding was Lignocel® BK 8/15, and
standard laboratory food and water were available ad libi-
tum. The details on the cohorts of mice for all behavior
tests are summarized in Table 1, with information on
background strain, sex, age, housing and any drug treat-
ment. All experiments were reviewed and approved by
the Animal Ethics Committee of KU Leuven or the Ani-
mal Ethical Committee of Erasmus MC Rotterdam in
accordance with the European Union Directive 2010/63/
EU.

Automated tube test

Mice were weaned at 3—-4 weeks and housed in same
sex pairs, with one WT and one Spredl-/- mouse
together (Table 1). Occasionally when weaning, a cor-
rect genotype/sex partner was not immediately avail-
able. In that case, the mouse was group housed with
same sex littermates until the next litter was weaned,
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and then paired appropriately. If this housing rear-
rangement was done, it was done no later than 6 weeks
of age. Testing was carried out in adult mice in age
matched cohorts, starting at 2—-3 months of age. Mice
were behaviorally naive before tube test experiments
and were not used for other behavior experiments,
so as not to interfere with social hierarchy. The auto-
mated tube test apparatus (Benedictus Systems, Rotter-
dam, The Netherlands) has been previously described
[40, 41]. In brief, it is a transparent 50 cm long fiber-
glass tube with a center door, connected at both ends to
fiberglass boxes with automated entrance doors, and an
infrared tracking system. Training and tournament pro-
tocols were carried out based on previous studies [40].
A 5-day training protocol was first performed for all
mice. On day 1 mice received 2 habituation trials with
doors open, allowing free exploration of the tube for a
maximum of 180 s, or until the mice walked through
the tube into the other box. On days 2-5, mice had a
limit of 30 s to walk through the tube, after which they
were assisted manually. If the mice remained in the
starting box for more than 5 s, they received an air puff
to assist them entering the tube. They received 6 trials
total each day, starting from alternate boxes. Two days
after training was complete, the tournament protocol
was started and lasted for 5 days. On each tournament
day, mice received 2 training trials, 45 min before the
tournament matches started. In the matches, a mouse
was placed in each box, and the doors automatically
opened simultaneously, allowing mice to move into the
tube. If the mouse remained in the box for more than
5 s, it received a puff of air. The center door opened
automatically when both mice were within 4 cm of the
door. The match was complete when one mouse had
retreated with all 4 paws into its starting box (assigned
the “loser”), and the other mice was assigned as the
“winner”. The apparatus was cleaned after every train-
ing trial and tournament match with a 70% ethanol
solution. For all tournaments, cohorts of 4—6 cages of
same sex pairs (n=4-6 mice/genotype) played against
each other. Both male and female cohorts were tested
on B6 and B6;129T2 F2 hybrid backgrounds. For
cohorts on the B6;129T2 background, matches were
played between all mice and WT-Spred-/- matches are
analyzed and presented. For all other cohorts includ-
ing MEK inhibitor studies, matches were played only
between WT and Spredl-/- mice in each cohort. For
MEK inhibitor studies, cohorts of both male and female
mice were used. On each tournament day, the same
matches were played, but with a pseudorandomized
order, with starting box alternated and inter-match
interval balanced. Experiments were repeated on inde-
pendent cohorts to verify reproducibility.
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Neonatal ultrasonic vocalization induced by maternal
separation

For pups, the day of birth was defined as postnatal day
0 (PO). Pups were evaluated for ultrasonic calls emit-
ted at neonatal stages on P4, P6, P8, P10 and P12. These
mice were a separate cohort not used for adult behavior
assays. On each day of testing, pups were individually
removed from the nest and placed in an empty plastic
container located inside a sound attenuating Styrofoam
box. An ultrasound microphone, sensitive to frequen-
cies of 10-180 kHz (Avisoft UltrasoundGate condenser
ultrasound microphone CM16, Avisoft Bioacoustics e.K.,
Glienicke/Nordbahn, Germany), was placed through a
hole in the Styrofoam box approximately 20 cm above
the pup. Ultrasonic vocalizations (USVs) were recorded
for 3 min using Avisoft-RECORDER software, using a
250 kHz sampling rate and 16-bit format. After testing,
pups were weighed and returned to the nest. After test-
ing on P4, pups were also individually identified with a
paw tattoo using a 22G syringe needle filled with Indian
ink. Two independent cohorts were analyzed. In the sec-
ond cohort, righting reflex was also assessed in mice on
P4 and P8, after USV recording. Pups were placed on
their back and the time taken to right onto all 4 paws was
recorded. Data from both sexes was pooled as we saw no
significant differences in vocalization between sexes (data
not shown). We also excluded dam experience as a major
factor influencing our data (data not shown), and present
here data pooled from pups born to both naive and expe-
rienced dams.

Adult ultrasonic vocalization to social stimuli

USVs during courtship behavior were measured in a
separate cohort of adult male mice, aged 10-11 weeks,
in response to unfamiliar female adult intruders. Male
adult subject mice were housed overnight with an adult
female B6 for sexual experience. They were then housed
individually for 3 days. Adult female B6 mice (aged
2-3 months) that served as stimuli were different to the
mice used for overnight housing, and were group housed
[4-5 mice per cage]. Female mice did not have estrus
induced, and estrous cycle was not tracked. On the day
of the test, the male subject was placed in a clean testing
cage, in a sound attenuating Styrofoam box with an ultra-
sound microphone above, as described above. The mice
were habituated for 10 min to the novel environment. In
the last 4 min, a baseline recording was made. Next, an
unfamiliar female mouse was introduced into the cage
and the mice were allowed to freely interact whilst USVs
were recorded for 4 min. We did not determine whether
the recorded USVs were from male or female mice,
because in the context of a male—female encounter, likely
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representing courtship USVs, USVs are mainly produced
by males [42, 43].

USV analysis

Acoustic properties of audio files were analyzed in
Avisoft SASLab Pro software (version 5.2.10, Avisoft
Bioacoustics e.K., Glienicke/Nordbahn, Germany). Spec-
trograms were generated with a Fourier transformation
(FFT)-length of 1024 and time window overlap of 75%
(100% frame, Hamming window). A high-pass filter at
30 kHz cut-off was applied to reduce background noise
outside of the relevant frequency band. Call detection
was by an automatic threshold-based algorithm and a
hold-time mechanism (hold time 20 ms). An experi-
enced user blinded to genotype checked accuracy of the
call detection to ensure concordance between automated
and observational detection. Parameters automatically
extracted for each file included number of calls, the mean
duration of calls, mean peak frequency (pitch, kHz) and
mean peak amplitude (loudness, measured in decibels)
[44]. For analysis of neonatal stages, no sex differences
were observed (data not shown), so data from male and
female pups were pooled together for analysis.

Three chamber test for sociability and preference for social
novelty

Female WT and Spredl-/- mice were tested at 20 weeks
of age (Table 1). The apparatus was an enclosed rectan-
gular transparent Plexiglas box with opaque floor (width
x depth x height: 94 x 26 x 30 c¢m), divided into three
chambers. The central chamber (42 x 26 ¢m) was con-
nected to a left and right chamber (26 x 26 cm) via open-
ings (6 x 8 cm) in that could be manually closed. The
left and right chamber contained cylindrical wire cups
(height x diameter: 11 x 10 cm). Access to the chambers
was controlled by manually operated guillotine doors.
The test consisted of three phases, conducted consecu-
tively in a three-chambered test apparatus as previously
described [45]. In the habituation phase [5 min], mice
were placed in the central chamber to acclimatize. In
the sociability phase (10 min), the animal’s interest in
a social stimulus (a same sex conspecific, not used for
behavior testing) versus an empty chamber were tested,
with the social stimuli mouse constrained under a wire
cage in one chamber, and an empty wire cage in the other
chamber. In the final stage, preference for social novelty
(10 min), interest in a familiar social stimulus versus a
non-familiar social stimulus was assessed. The apparatus
was cleaned in between subjects with 70% ethanol. Mice
were recorded from above with a camera and their heads
tracked using ANY-Maze software (Stoelting Europe, Ire-
land). Sniffing time (=time spent within 2 cm proximity
to the wire cage) and pathlength were quantified. For the
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sociability phase, a social preference index was calculated
as follows: Time,,,per1/(Timeg,nper + Timegy e, ).
Resident intruder

Intruder mice (B6 adult males) were individually housed
for 9 days, and were age matched to residents. Intrud-
ers were used only once. Each male resident mouse
(Spredl-/- and WT) was housed for 1 week prior to the
test with one adult B6 female mouse, without changing
the bedding. On the day of the test, the intruder mouse
was introduced into the cage of the resident and female
and behavior was scored for 30 min before the intruder
was removed. The latency until an attack occurred, the
latency between attacks and the total number of attacks
were measured.

Open field

Open field was performed in male and female mice on
the B6;129T2 background. The open field was conducted
in a circular arena with a diameter of 110 cm. Mice were
placed gently in the center of the arena and allowed to
freely explore for 10 min. The arena was cleaned with
70% ethanol in between subjects. Mice were recorded
from above with a camera and their body position
tracked with the SMART video tracking system (Panlab,
Barcelona, Spain). For analysis, the arena was divided
into three regions: inner region of 25 cm diameter, sur-
rounded by a middle region 10 cm radius and then an
outer region of 10 cm radius. Total path length and per-
centage of time spent in each region were calculated. No
sex differences were observed, therefore data from both
sexes was pooled for analysis.

Nesting behavior

Nest building was conducted based on a previously
reported protocol [46]. One week before testing, mice
were single housed in standard Makrolon 3108 plastic
mouse cages, with 5 cm deep clean bedding material but
without environmental enrichment items to habituate.
The testing phase was a 2-day protocol. On day 1 mice
received pressed cotton nestlets weighing a total of 3 g at
noon. Nest building behavior was assessed on day 2, in
the morning. For qualitative assessment, a 5-point rating
scale was used as previously published [46], with a score
of “1” representing largely untouched nesting materials
(no shredding) and “5” indicating a perfect nest with high
sides.

Marble burying

Mice were habituated for 10 min in a large Makrolon
3108 plastic mouse cage (375 x 215 x 140 mm) with 5 cm
depth clean bedding material (Lignocel® BK 8/15). Sub-
sequently, marble burying was tested for 40 min. During
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the test phase, cages contained 5 cm deep clean bed-
ding material with 10 glass marbles (14 mm diameter)
arranged in a 2 x 5 grid on top of the bedding. 10 marbles
were used instead of 20 to reduce the impact of overex-
posure to simultaneous stimuli. The number of buried
marbles was counted. A marble was consider buried
when 2/3 of the marble was covered by bedding.

Burrowing

Burrowing is an innate behavior, described in this experi-
ment as ‘digging a hole or tunnel in or through food pel-
lets in a tube’ The experiment was carried out based on
a previously reported protocol [47]. In the habituation
phase on day 1, a full burrow tube is placed overnight into
the group home cage of the mice, which are later indi-
vidually tested. Each burrow is filled with 200 g food pel-
lets normally supplied as diet. The testing phase started
on day 2 around 5 pm, as mice are normally awake at
this time and burrowing starts more slowly than dur-
ing the dark phase when mice are very active. Mice were
placed individually in Makrolon 3108 plastic mouse cages
together with a filled burrow tube. Two hours after the
start, a snapshot measurement was taken of the weight
of the remaining food pellets; the burrow was emp-
tied into a container and weights, then the pellets were
replaced into the burrow and placed back into the cage.
If the mouse was in the burrow, it was gently removed
and placed in the cage. The weight of non-burrowed pel-
lets was presented as a percentage of total weigh of 200 g
food pellets. The second reading was taken the next
morning at 9am, again weighing the remaining non-bur-
rowed food pellets.

MEK inhibitor treatment

The MEK inhibitor PD325901 (Selleckchem, Munich,
Germany) was dissolved in dimethyl sulfoxide (DMSO)
to a final concentration of 5 mg/ml and frozen into ali-
quots, which were defrosted as needed immediately prior
to injection. For all studies, animals in the treated group
received 5 mg/kg PD325901, whilst the vehicle group
received DMSO alone. This dose was chosen based on
its effectiveness in attenuating ERK phosphorylation in
mice [48, 49] and at reversing other phenotypes in RASo-
pathy mouse models [50, 51]. Injection volumes were
1 pl per g (mouse weight). Mice were injected intraperi-
toneally on alternating sides each day with 0.3 ml insu-
lin syringes (BD Micro-Fine). For automated tube test
experiments, drugs were injected daily starting 3 days
prior to the first day of training and continuing through-
out training and tournaments, and injections were 5-6 h
before behavior testing started each day. This regimen
was based on previous studies that successfully reversed
behavioral phenotypes in RASopathy mice [52, 53].
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For each different tube test experiment (WT+DMSO
vs Spredl-/-+DMSO; Spredl-/-+DMSO vs Spredl-
/-+PD325901; WT+DMSO vs Spredl-/-+PD325901
and WT +DMSO vs WT+PD325901), a new, separate
cohort of mice was used that were naive to the auto-
mated tube test. Mice were always housed in pairs, with
one mouse from each ‘treatment’ per cage, as outlined
in Table 1. For nest building experiments, mice were
injected for 3 days and the nesting protocol initiated
5-6 h after last injection, as described above. After the
initial nesting test, mice were left untreated for 3 weeks
for drug washout, and then re-tested for nest building.
Tube test training/testing each day was started 5-6 h
after injection.

Western blotting

For cohorts of mice used for the MEK inhibition study
in the automated tube test, hippocampal lysates were
collected for western blot analysis. 1 h after the last
automated tube test tournament on day 5, mice were
euthanized by cervical dislocation, the brain removed
and hippocampi rapidly dissected out and snap frozen in
liquid nitrogen. Tissue was homogenized in RIPA buffer
(150 mM NacCl, 50 mM Tris—HCI, 1 mM EDTA, 1 mM
EGTA, 0.1% Triton X-100, 0.1% Na-deoxycholate) with
protease inhibitors (Complete, Roche) and phosphatase
inhibitors (PhosphoSTOP, Roche) added. Protein con-
centration was adjusted to 1 pg/pL and 10 pg protein was
loaded onto a NuPAGE Bis—Tris 4—12% mini gel (Invit-
rogen). The blot was probed with primary antibodies for
PERK (Phospho-p44/42 MAPK #4370, anti-rabbit, Cell
Signaling Technology) and ERK (p44/42 MAPK #9107,
anti-mouse, Cell Signaling Technology). Secondary anti-
bodies were Dylight IR 680 and IR 800 (Thermo Scien-
tific) and were visualized using an Amersham Typhoon
Biomolecular Imager. The blot was stripped with
Restore’" PLUS Western Blot Stripping Buffer (Thermo
Scientific) and re-probed with beta-actin (A5316, anti-
mouse, Sigma-Aldrich) as loading control. Quantitative
image analysis was performed in Image] (v1.51n, NIH)
using the Gels function. The ratio of pERK to total ERK
was calculated, normalized to a sample from the WT-
Vehicle group from DMSO-only treated group (Addi-
tional file 1: Supplementary Fig. 4A), and expressed as
arbitrary units (a.u.).

Statistics

For automated tube test experiments, including MEK
inhibitor experiments, each day of the tube test was ana-
lyzed with two-tailed binomial distribution, with the
null hypothesis that if both groups were similar, 50% of
matches are won by each group (i.e. chance level of win-
ning). For most other data, including male USV, marble
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burying, burrowing and western blotting, normality
of data was tested with the D’Agostino-Pearson test. If
data were normally distributed, a parametric unpaired
independent samples ¢-test was used. If data were not
normally distributed, non-parametric Mann—Whitney
test was performed. Neonatal USVs were analyzed with
2-way ANOVA with repeated measures, with age and
genotype as the main factors. Nest building: for naive
mice, an unpaired independent ¢-test was used. For MEK
inhibitor experiments assessing nesting, 2-way ANOVA
with treatment and genotype as factors was performed.
For sociability and social preference, sniff time was ana-
lyzed with 2-way ANOVA, using chamber and genotype
as factors. Preference index for sociability was analyzed
with an unpaired independent ¢-test. A significance level
of 0.05 was used for all statistical analyses. Statistical
analysis was performed in GraphPad Prism 8 (GraphPad
Software, Inc., La Jolla, CA, USA).

Results

Spred1-/- mice exhibit altered social and communicative
behavior

To examine whether social behaviors were altered in
Spred1-/- mice, we evaluated mice in the automated tube
test, which measures social dominance [40]. SpredI-
/- mice on a B6;129T2 background won a majority of
matches against wildtype (WT) opponents, a pheno-
type stable across 5 days of tournaments (Fig. 1A, B).
This social dominance phenotype was seen in both male
(Fig. 1A) and female (Fig. 1B) SpredI-/- mice against WT
controls (Males—two tailed binomial test compared to
chance (50%): day 1 p<0.0001; day 2 p<0.0001; day 3
p=0.011; day 4 p<0. 0001; Females—two tailed bino-
mial test compared to chance (50%): day 1 p=0.0011;
day 3 p=0.0011; day 4 p=0.0251; day 5 p=0.01). As
background strain can influence behavior, we verified
that this phenotype was robust to background strain,
observing that the same social dominance phenotype
was observed SpredI-/- mice when backcrossed more
than 10 generations onto the B6 background in both
male (Additional file 1: Supplementary Fig. 4A; two
tailed binomial test compared to chance (50%): day 2
p=0.0213; day 3 p=0.0213; day 4 p=0.0213; day 5
p=0.0005) and female cohorts (Additional file 1: Sup-
plementary Fig. 1A; two tailed binomial test compared
to chance (50%): day 2 p=0.0013; day 3 p<0.0001; day
4 p<0.0001; day 5 p<0.0001). No genotype differences
were seen in time to reach the center door in the train-
ing phase of the tube test (Additional file 1: Supplemen-
tary Fig. 1B, B6 background; 2 Way ANOVA: effect of
day F(8,64) =3.296, p=0.0033; no effect of genotype, no
interaction), and body weights were stable throughout
the experiment (Additional file 1: Supplementary Fig. 1C,



Borrie et al. Molecular Autism (2021) 12:53 Page 9 of 19
Automated Tube Test
A J B6;129T2 B Q B6;129T2 = W
Fkdkk *kkk * *kkk *k 1 Spredi-/-
1001 1004
80 D 804
g 601 2 60
s 0] R
o % :
20 D 20
04 04
1 2 3 4 5 1 é é l;- E"»
tournament day tournament day
Adult USV: d to @ Nest building
C D E F G b
%%k *kk
4001 1001 1001 -501 54 000000 o
3004 o % 80{ © 90 © ° 4 o
£ o g ® -55- %
£ 000 = o ° o ° o s
2 200+ O%B 8 c 601 feXo) N 807 8 o 8 O 34 oo oooooo
g ° % oo  |o PN £ o 3 F
> o 5 401 o 70 o a _;!é; eé_ g
o 100 o Q? o ] O o c 24 o 00000
=) = 65
0 § 20{ %0 2 g ooB
0 % o 1 o 00000
0 T T 50 T -70- |
é& 08\'\' @ 06'\'\' é\ b'\'\’ @ eb'\'\' é\ zé’\'\’
4 £
& QQ‘ q,Q‘ R cﬁ‘
Fig. 1 Social and communicative impairments in Spredi-/- mice. A, B Automated tube test for social dominance. A Mean percentage of matches
won per day in the automated tube test across 5 days of tournaments between WT and Spred1-/- mice, 129T2/SEMvJ background. Significant effect
of genotype on days 1-4 (Two tailed binomial test compared to chance (50%): day 1 p<0.0001; day 2 p<0.0001; day 3 p=0.011; day 4 p<0.0001).
Box and whisker plots of median and quartiles of 2 independent experiments, pooled; n=8 male mice/genotype. B Mean percentage of matches
won per day in the tube test across 5 days of tournaments between WT and Spredi-/- female mice on the 129T2/SVEmJ background. Significant
effect of genotype on days 1, 3,4 and 5 (Two tailed binomial test compared to chance (50%): day 1 p=0.0011; day 3 p=0.0011; day 4 p=0.0251;
day 5 p=0.01). Box and whisker plots of median and quartiles of 2 independent experiments, pooled; n =8 mice/genotype. C-F USVs from WT
and Spredi-/- male mice (B6 background) to a novel B6 female: € Number of USV calls/min made by male mice (unpaired t-test, t=4.481, df=27
p=0.0001). D Mean call duration of male mice in response to a novel female (Mann Whitney test, p=0.0002). E Mean peak frequency of USV calls
(unpaired t-test, t=1.001, df= 27, p=0.3258). F Mean peak amplitude of USV calls (unpaired t-test, t=0.8998, df=27, p=0.3762). n=14-15 mice/
genotype, mean =+ SEM. G Nest building score of female Spred1-/- and WT mice (B6 background) after 24 h, indicating quality of nest building.
1=no nest shredding; 5 =high-sided nest with all material shredded (unpaired t-test, t =3.496, df=34, p=0.0013). n=17-19 mice/genotype,
mean = SEM. For all figures, asterisks indicate: *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001

B6 background). The social dominance phenotype was
not seen Spredl+/— male mice when playing matches
against WT controls in the automated tube test (Addi-
tional file 1: Supplementary Fig. 1D-F; Two tailed bino-
mial test compared to chance (50%), days 1-5 p>0.1).
We examined whether the social dominance phenotype
in male SpredI-/- mice was linked to aggression by per-
forming the resident intruder test in a separate cohort
of mice. There was no difference in either latency to
attack or the total number of attacks that SpredI-/- male
mice made onto intruders compared to WT littermates

(Additional file 1: Supplementary Fig. 1G-H; latency—
unpaired t-test, t=1.794, df=16, p=0.0918; total
attacks—unpaired ¢-test, £=1.386, df=16, p=0.1848).
In an open field test Spredi-/- mice displayed normal
thigmotaxis, suggesting they were not less anxious than
WT controls (Additional file 1: Supplementary Fig. 3C).
Social approach and social preference in the 3-chamber
social interaction test were normal in Spredl-/- mice
(Additional file 1: Supplementary Fig. 2A—C; sociabil-
ity phase preference index—unpaired ¢-test, £=0.6898,
df=25, p=0.4967. Social preference—2-way ANOVA,
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effect of chamber side: F(1,25)=6.396, p=0.0181; no
effect of genotype). There was a significant reduction in
the number of transitions between compartments made
by Spredi-/- mice in both phases of the test (Additional
file 1: Supplementary Fig. 2D-E. Sociability phase—
unpaired ¢-test, t=2.805, df=25, p=0.0096. Social
preference phase—unpaired ¢-test, t=2.061, df=25,
p=0.0499), however locomotor activity in the open field
was normal (Additional file 1: Supplementary Fig. 3D).
This phenotype is similar to the slightly lower locomotor
activity observed in Spredl-/- mice in operant chambers
[36].

To study social communication in Spredi1-/- and WT
mice, male ultrasonic vocalization (USV) during an
encounter with a novel B6 female conspecific was meas-
ured. Male Spredl-/- mice (B6 background) emitted sig-
nificantly fewer USVs in response to a female compared
to WT littermate controls (Fig. 1C; unpaired ¢-test,
t=4.481, df=27 p=0.0001). They also emitted on aver-
age shorter duration calls compared to WT (Fig. 1D;
Mann Whitney test, p=0.0002). The average pitch (mean
peak frequency) and amplitude of calls (mean peak
amplitude) was not significantly altered (Fig. 1E-F; fre-
quency—unpaired ¢-test, t=1.001, df=27, p=0.3258;
amplitude—unpaired  t-test, t=0.8998, df=27,
p=0.3762). Innate behaviors such as nest-building con-
tribute to wellbeing and support social functions in mice
[54], therefore nest building behavior was examined in
adult female Spredi-/- and wildtype littermate controls.
Spredl-/- had reduced nesting behavior, with a signifi-
cantly reduced nesting score compared to WT mice,
an indication of the quality of nest building (Fig. 1G;
unpaired t-test, t=3.496, df=34, p=0.0013). To inves-
tigate repetitive behaviors in this mouse line, behaviors
that require digging were assessed, as digging has been
interpreted as a repetitive behavior. No genotype dif-
ferences were seen in the percentage of marbles buried
between WT and Spred1-/- mice (Additional file 1: Sup-
plementary Fig. 2F. Males: unpaired ¢-test, £=0.4545,
df=14, p=0.6564. Females: unpaired ¢-test, t=0.8402,
df=20, p=0.4107). Burrowing behavior was assessed
as a measure with more ecological validity than marble
burying, as burrowing behavior is seen in wild rodents
[47, 54]. The amount of food pellets burrowed after either
2 h or overnight, was also unchanged in Spredi-/- mice
(Additional file 1: Supplementary Fig. 2G. 2-way ANOVA
with repeated measures, F<1.00; p>0.1). Thus, SpredI-
/- have impaired social behavior and communication but
no digging phenotypes that would be representative of
changes in repetitive behaviors.
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Social communication deficits in Spred7-/- mice arise
neonatally

We next asked whether USV deficits are already present
in early neonatal development in Spredi-/- mice. Isola-
tion-induced ultrasonic vocalizations in Spredi-/- and
WT pups (on the B6 background) were measured from
P4-12. There were no significant differences between
sexes at any of the time points, therefore data from male
and female pups were pooled together for analysis. As
previously reported in the literature for B6 mice [55],
the rate of vocalization peaked at P8 in W'T mice, and
then declined to low levels again by P12 (Fig. 2A. 2-way
ANOVA with repeated measures: main effect of age,
F(4,156)=12.28, p<0.0001, no effect of genotype). No
main effect of genotype was seen on call rate (Fig. 2A)
or call duration (Fig. 2B; 2-way ANOVA with repeated
measures: effect of age, F(4,156)=7.347, p<0.0001; no
effect of genotype). Analysis of spectral properties of
Spredl-/- and WT USVs revealed a main effect of geno-
type on call pitch (Fig. 2C; 2-way ANOVA with repeated
measures: effect of age F(4,150)=5.866, p=0.0002;
effect of genotype F(1,150)=55.13, p<0.0001), with
post-hoc comparisons revealing significant decreases
in mean peak frequency in calls from SpredI-/- pups
compared to WT from P8-P12. There was also a main
effect of genotype on the loudness in decibels of the
call in SpredI-/- compared to WT, with post-hoc analy-
sis revealing significant increase in amplitude at P10
(Fig. 2D; 2-way ANOVA with repeated measures: effect
of age F(4,205)=10.77, p<0.0001, effect of genotype
F(1,205)=9.181, p=0.0028). No main effect of genotype
was seen on body weight (Additional file 1: Supplemen-
tary Fig. 3A; 2-way ANOVA with repeated measures:
main effect of age, F(4,159)=1325, p<0.0001, no effect
of genotype). No genotype differences were observed
in righting reflex at P4 or P8 (Additional file 1: Supple-
mentary Fig. 3B; 2-way ANOVA with repeated measures:
main effect of age, F(1,29)="77.15, p<0.0001; no effect
of genotype), indicating intact motor abilities in Spred1-
/- pups. Together these data indicate altered spectral
vocalization properties in neonatal Spredl-/- mice that
primarily emerge in the second neonatal week.

Acute pharmacological inhibition of the Ras-MAPK
pathway can ameliorate social phenotypes in Spred1-/-
mice

Overactivation of Ras-MAPK signaling is a hallmark
of RASopathy disorders. We next asked whether inhi-
bition of downstream MAPK signaling could restore
social behaviors in SpredI-/- mice. PD325901 is a
potent MEK inhibitor that has been demonstrated to
shrink neurofibromas both in NfI mouse models [50]
and early stage clinical trials in human NF1 patients
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Fig. 2 Spredi-/- mice exhibit deficits in neonatal ultrasonic vocalization. Neonatal USVs upon maternal separation in WT and Spred1-/- mice were
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For all analyses, n =22-24 mice/genotype. Violin plots show median and quartiles. For C and D, asterisks indicate post-hoc Bonferroni multiple
comparisons tests: *p <0.05, **p <0.01, ***p < 0.001

[56]. PD325901 crosses the blood—brain barrier, as evi-
denced by reports of human neurotoxicity [57], and
further confirmation has been seen in mice, where
peripheral administration of PD325901 has been dem-
onstrated to abolish cocaine-induced ERK activation in
the striatum [48] and to reduce hyperactive ERK phos-
phorylation in the hippocampus in a HRas“'?Y RASo-
pathy mouse model [49]. To test the effect of PD325901
on social behavior in adulthood, tube test experiments
were performed in Spredl-/- and WT mice on the B6
background acutely treated with either PD325901 or
DMSO vehicle control. All cohorts learned to run
through the tube in training sessions (Additional file 1:
Supplementary Fig. 4B, Additional file 1: Supplemen-
tary Fig. 4E, Additional file 1: Supplementary Fig. 5

A-C). When Spredl-/- mice treated with PD325901
played matches against WT mice receiving vehicle,
the dominant winning phenotype of Spredil-/- mice
in the tube test was abolished, with winning at chance
level (Fig. 3A). Confirming that PD325901 normalizes
social dominance behavior of Spred1-/- mice under dif-
ferent social conditions, we saw that Spredl-/- mice
treated with PD325901 lost significantly more matches
against Spredl-/- receiving vehicle, an effect that was
stable across the first 3 days of tournaments (Fig. 3B;
two tailed binomial test compared to chance (50%): day
1 p=0.0011; day 2 p=0.0011; day 3 p=0.025). Tube
test tournaments when both Spredi-/- and WT mice
received vehicle control recapitulated the phenotype of
naive Spredl-/- mice over WT mice (Additional file 1:



Borrie et al. Molecular Autism (2021) 12:53

Page 12 of 19

A
WT + DMSO Spred1-/- + PD325901
1004
804
n 60
£
2 401
>
204
0-
1 2 3 4 5
tournament day
C
WT + DMSO — WT + PD325901
1004 .
80 H ﬁ D E
2% I
2 404
>
20+
0-
1 2 3 4 5
tournament day
quartiles. *p <0.05, **p < 0.01, ***p < 0.001, ****p <0.0001

B

% wins

Fig. 3 MEK inhibition abolishes the social dominance phenotype in Spredi-/- mice. A Mean percentage of matches won per day in the tube

test across 5 days of tournaments between WT treated with DMSO vehicle and Spred1-/- mice treated with PD325901. Two tailed binomial tests
compared to chance (50%): no significant differences day 1-5. n =8 mice/genotype. B Mean percentage of matches won per day in the tube test
across 5 days of tournaments between Spred1-/- treated with DMSO vehicle and Spred1-/- mice treated with PD325901, with significant differences
on day 1-3 (Two tailed binomial test compared to chance (50%): day 1 p=0.0011; day 2 p=0.0011; day 3 p=0.025). n=6 mice/genotype. C Mean
percentage of matches won per day in the tube test across 5 days of tournaments between WT treated with DMSO vehicle and WT mice treated
with PD325901. Two tailed binomial tests compared to chance (50%): significant differences day 2-5; Two tailed binomial tests compared to chance
(50%): day 2 p=0.0003; day 3 p=0.0003; day 4 p<0.0001; day 5 p<0.0001. n =8 mice/genotype. All graphs are box and whisker with median and

Spred1-/- + DMSO Spred1-/- + PD325901

*% *% *

100+
80+
60-
40-
20+

0

1 2 3 4
tournament day

Supplementary Fig. 4A, 4D. Males—two tailed bino-
mial test compared to chance (50%): day 2 p=0.0213;
day 3 p=0.0213; day 4 p=0.0213; day 5 p=0.0005.
Females—two tailed binomial test compared to
chance (50%): day 2 p<0.0001; Day 4 p=0.005; Day 5
p=0.0042), demonstrating that treatment with vehicle
alone did not significantly influence behavior. Notably,
WT mice were treated with PD325901, they won sig-
nificantly more matches against WT mice treated with
vehicle (Fig. 3C. Two tailed binomial tests compared to
chance (50%): day 2 p=0.0003; day 3 p=0.0003; day
4 p<0.0001; day 5 p<0.0001). This indicated a drug x
genotype interaction, whereby in Spredl-/- mice the

effect of PD325901 was to reduce winning, but in WT
mice PD325901 had the opposite effect, increasing win-
ning. No differences between groups were observed in
weight across the experiment (Additional file 1: Sup-
plementary Fig. 4C, F; Additional file 1: Supplemen-
tary Fig. 5 A—C), and we confirmed that in all cohort
configurations, PD325901 treatment significantly atten-
uated hippocampal ERK activation compared to vehicle
treatment, verifying the specificity of drug effect (Addi-
tional file 1: Supplementary Fig. 6A-D. WT + vehi-
cle vs Spredl-/-+vehicle cohort—unpaired ¢-test,
t=0.1777, df=8, p=0.8634. WT + vehicle vs Spredi-
/-+PD325901 cohort—unpaired t-test, £=19.69,
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Fig. 4 MEK inhibition rescues impairments in nesting behavior in Spredi1-/- mice. AWT and Spred1-/- mice were treated with PD325901 or
DMSO vehicle for 3 days, then nest building was assessed using a qualitative nest building score. PD325901 significantly increased nesting score
in Spredi-/- mice (2-way ANOVA: effect of PD325901 treatment £(1,26) = 28.81, p <0.0001; effect of genotype F(1,26) =6.679, p=0.0157; no
interaction). Post-hoc comparisons show a significant difference between WT 4 DMSO and Spred1-/-4+ DMSO groups (Sidak multiple comparison
test, **p =0.0066), whereas no difference was seen between WT 4 PD325901 and Spred1-/-+PD325901 groups (Sidak multiple comparison

test, p=0.8955). B After a 3-week washout period, nest building was assessed again (2-way ANOVA: no effect of treatment, effect of genotype
F(1,26) =15.99, p=0.0005; no interaction). Mean & SEM, n =7-8 mice/genotype

df=6, p<0.0001. Spredl-/-+vehicle vs Spredl-
/-+PD325901 cohort—unpaired t-test, (=23.846,
df=10, p=0.0032. WT + vehicle vs WT + PD325901—
unpaired ¢-test, t=6.957, df=6, p=0.0004). In accord-
ance with previous studies [32, 36], we do not observe
significant differences in total hippocampal pERK levels
in Spredl-/- mice compared to WT. Acute MEK inhi-
bition also significantly improved nesting behavior in
Spredl-/- mice, increasing nest building scores to levels
similar to WT mice (Fig. 4A; 2-way ANOVA: effect of
PD325901 treatment F(1,26)=28.81, p<0.0001; effect
of genotype F(1,26) =6.679, p=0.0157; no interaction).
After a 3-week washout the effect of PD325901 on
Spredl-/- nesting behavior was largely abolished, fur-
ther demonstrating the causality of the MEK inhibition
on the behavioral rescue (Fig. 4B; 2-way ANOVA: no
effect of treatment, effect of genotype F(1,26)=15.99,
p=0.0005; no interaction). Together these results show
that acute treatment with PD325901 reverses social
behavior phenotypes in adult Spredi-/- mice.

Discussion

This study demonstrated that social behavior impair-
ments in a mouse model for RASopathy disorders could
be acutely rescued by pharmacological MEK inhibition.
A Spredl-/- mouse model for Legius syndrome exhib-
its a phenotype which models social phenotypes linked
to ASD, with enhanced social dominance and deficits in
USV communication, as well as impaired nesting behav-
ior. Critically, we could rescue the tube test and nest
building social phenotypes of SpredI-/- in adulthood by

acute MEK inhibition, the first report of a drug target-
ing the Ras-MAPK pathway rescuing social behavior in
a mouse model for ASD. These findings indicate a cru-
cial role for Ras-MAPK signaling in regulating social
behaviors.

The social dominance phenotype observed in Spredi-/-
mice was observed in both sexes, and was also robust to
background strain. Hence, we posit that social alterations
observed in Spredi-/- mice are a robust phenotype suit-
able for preclinical therapeutic drug discovery. Although
Legius syndrome patients carry heterozygous loss-of-
function mutations in SPRED1 [16], we did not observe
social dominance alterations in SpredI1+/— mice. Previ-
ous work has shown that Spredl+/—mice are mildly
impaired in visual discrimination learning, with a less
severe cognitive phenotype than SpredI-/- mice [32],
suggesting that relevant cognitive phenotypes are more
clearly modeled in a homozygous mouse model. There
is a precedent for this, as although many disorders that
feature ASD arise from heterozygous mutations, robust
phenotypes are frequently only seen in mice homozygous
for the mutation, such as has been observed in mouse
models for autism-associated gene SHANK?2 [58, 59].

Notably, the increased social dominance pheno-
type observed in Spredl-/- mice is highly similar to
increased social dominance observed in the tube test
in several other mouse models for monogenic forms of
ASD, including several different Shank3 mouse models
(60, 61], Shank22%~7 mice [62] and Fmrl y/- mice [40].
Increased winning in the tube may model an inability to
recognize the social status of conspecifics. Although we
see abnormal social dominance behavior in the tube test
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across multiple days of testing, SpredI-/- mice do not
show any phenotype in the three-chamber test for socia-
bility, neither in the social approach or social preference
phases of the test. This is consistent with studies of other
mouse models for RASopathies, where normal social
approach behaviors have been seen in Raf1*53" mice,
KRas®?Y mice and Nfl+/— mice [37, 63, 64]. Social pref-
erence is also normal in NfI+/— mice [37], but long term
social memory after 24 h is impaired in NfI+/— [37, 38].
Critically, no differences were seen in aggressive behavior
in the resident intruder test in male SpredI-/- mice, sug-
gesting that the social dominance phenotype seen is not
a result of hyper-aggression, nor was there a low anxiety
phenotype that would explain the increased dominance.
The tube test paradigm measures a more complex social
scenario compared to the three-chamber test. Mice meet
multiple conspecifics separately, developing and main-
taining a hierarchical relationship over time. Social domi-
nance has not yet been examined in other RASopathy
mouse models, and our results in SpredI-/- mice suggest
this test might enable detection of social phenotypes in
models for which social approach phenotypes are not
seen.

Complementary to alterations in social behavior in
the tube test, we saw deficits in USV communication in
Spredl-/- mice. This phenotype emerged already neona-
tally, with significant alteration of spectral properties of
vocalizations. The neonatal phenotype was similar to the
changes seen in USV production in Nfi4/— pups, where
lower pitch of USV calls are also seen [65]. Additionally,
adult vocalization during social courtship situations was
significantly reduced in Spredl-/- male mice, indicat-
ing that communication specific to a social behavior is
disrupted. These results point to Spredl-/- as a model
for social and communication phenotypes in ASD and
RASopathies. Together with the previously reported
impairments in cognitive function [32, 36], our data indi-
cate that this mouse model can recapitulate key neuro-
logical aspects of the Legius syndrome phenotype.

In addition to altered social and communicative behav-
iors, ASD is also characterized by restricted or repeti-
tive patterns of behavior, or restricted interests [2]. We
did not observe any changes in digging behaviors in
Spred1-/- mice. Though tests for digging behaviors are
commonly used in preclinical ASD research for assess-
ing repetitive behaviors [66], their relevance to restrictive
and repetitive behaviors is not clear. Characterization of
the ASD phenotype in NF1-ASD patients has shown that
the most severe impairments are in the domain of social
cognition [14]. Although resistance to change was seen in
patients in that study, ASD-typical stereotypical behav-
iors were not observed [14]. Larger studies of NF1-ASD
will be necessary to better understand the differences
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in NF1-ASD compared to non-syndromic ASD. How-
ever, the lack of an overt repetitive behavior phenotype
in Spredl-/- mice would seem to fit with a NF1-ASD
phenotype that does not feature strong impairments in
restricted and repetitive behaviors.

To our knowledge this is first demonstration that a
specific MEK inhibitor could rescue abnormal social
behavior in a mouse model for ASD. Neonatal treatment
with PD325901 in other RASopathy mouse models have
shown dramatic effects, rescuing growth defects and
craniofacial features in a Raf**'3" mouse model [51], and
reversing defects in brain morphology and motor learn-
ing in a Nf19F?cKO mouse model [67, 68]. We show here
that with acute treatment in adulthood, enhanced social
dominance and nest building deficits can be normalized
in Spredi-/-. However, in a separate study, impairments
in operant learning exhibited by Spredl-/- mice could
not be reversed by acute adult PD325901 treatment [36].
Similarly, in two other mouse models for RASopathies,
HRas?Y and KRas®?" mice, learning and memory
defects could also not be rescued by PD325901 inhibition
in adulthood [49, 64]. This suggests that social behaviors
in RASopathies may be more amenable to modulation
with MEK inhibition compared to cognitive behaviors,
which has implications for clinical translation.

Our data also point to a key role for Ras-MAPK sign-
aling in regulation of social behavior. Many ASD risk
genes converge on Ras-MAPK signaling [15], and dys-
regulated ERK signaling is seen in other forms of syndro-
mic ASD [69] as well as idiopathic ASD [70], suggesting
Ras regulation of social behavior may also extrapolate to
models for other forms of monogenic ASD. It was pre-
viously shown that overexpression of Ras in excitatory
neurons can alter social dominance behavior [71]. Here
we observed that in the tube test for social dominance,
MEK inhibition in WT mice increased social dominance
behavior. This indicates that the effect of MEK inhibition
was not additive, but modified by interaction with Spred1
genotype. This points to a scenario whereby modulation
of Ras-MAPK signaling away from a defined equilib-
rium in either direction impacts social functioning. This
phenomenon is likely due to specific roles of Ras-MAPK
signaling in different neuronal cell types that are impor-
tant for mediating social behaviors. Cognitive deficits in
Nfl+/— mouse models have been demonstrated to be
specifically due to loss of NfI in GABAergic neurons [72],
with enhancement of inhibitory neurotransmission in
NfI mouse models [34] posited to be a main mechanism
by which behavior impairments arise. Studies in Drosoph-
ila have shown that impairments in habituation learning
occur both after manipulations that increase Ras-MAPK
activity in GABAergic inhibitory neurons, such as loss of
function of Spredl or Nfl, and after manipulations that
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decrease Ras-MAPK in excitatory neurons [73]. Hence, it
will be important in future studies to determine if there
is a role for Spredl in GABAergic neurotransmission and
how it might regulate social behavior phenotypes.

In addition to regulation of ERK signaling, Spred1 con-
trols actin polymerization by regulating RhoA-ROCK
signaling via a direction interaction with RhoA [74, 75].
Hematopoietic stem cells from Spredi-/- mice have
enhanced actin polymerization that is dependent on
RhoA-ROCK, but not on ERK, RAF or mTOR signal-
ing cascades [74]. Although this mechanism has not yet
been demonstrated in neurons, it raises the intriguing
possibility that Spredl regulation of the actin cytoskel-
eton could be involved in synaptic plasticity mechanisms
underpinning behavioral phenotypes observed in Spred1-
/- mice. Regulation of the actin cytoskeleton is essential
for formation and maintenance of dendritic spines, the
actin-rich structures that are the main sites of synaptic
connection. Stability of the cytoskeleton is critical for
maintaining long term synaptic changes [76]. Addition-
ally, many genes associated with ASD encode proteins
that are involved in regulation of the actin cytoskeleton
[77], and dysregulation of the actin cytoskeleton is seen
in Shank3 mouse models for syndromic ASD [78]. An
earlier study in SpredI-/- mice saw deficits in hippocam-
pal synaptic plasticity, but no changes in the total num-
ber of dendritic spines in dentate gyrus granule cells of
the hippocampus [32]. However, this does not exclude
the possibility of effects in other brain regions, or in spine
maturation and spine dynamics, so further studies are
warranted.

Although cognitive symptoms and ASD are a major
factor negatively impacting quality of life for RASopathy
patients, current treatment options for improving cogni-
tive and social functioning in NF1 and Legius syndrome
patients are insufficient. A primary target has been
reduction of the overactivation of RAS-MAPK signal-
ing. Preclinical work identifying that cholesterol-lower-
ing statin drugs could improve cognition in NfI mouse
models by modulation of Ras isoprenylation [53] led to
a number of clinical trials, but none have shown signifi-
cant cognitive benefits of statins in patients [79-82]. An
early stage clinical trial specifically looking at statin treat-
ment in NF1 children with ASD demonstrated safety, but
was not powered to detect behavioral alterations [83].
Ritalin is in use for treating ADHD symptoms in NF1
children, and has shown benefits for cognitive and atten-
tional measures [84]. Following the identification of the
HCNI1 potassium channel as a critical interactor of NF1,
the HCN channel agonist Lamotrigine was shown to res-
cue cognitive phenotypes in NfI+/— mice [85]. Lamo-
trigine is currently being tested in a Phase 2 clinical trial
for improving cognition in NF1 patients (NCT02256124).
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Recent work comparing the ASD profile of RASopathies
saw that there were no significant differences between
NF1, Noonan syndrome and CFC syndrome, suggesting
that insights from one RASopathy may be generalized to
other RASopathies [4]. This is further evidence for a role
for RAS-MAPK signaling in ASD, which is supported by
our data with MEK inhibition in this study.

MEK inhibitors are being investigated in the clinic for
treating symptomatic and inoperable plexiform neu-
rofibromas in NF1 patients, with PD325901 treatment
demonstrating neurofibroma shrinkage in Phase 2 tri-
als in adolescents and adults [56], and a Phase 2b trial
currently following up this result in children and adults
(NCT03962543). Recently a different MEK inhibitor,
selumetinib, demonstrated tumor shrinkage and clini-
cal benefit for children with plexiform neurofibromas
shrinkage [86], and has now received FDA and EMA
approval for use in pediatric NF1 patients. Notably, cog-
nitive and behavioral assessments of patients enrolled in
the selumetinib trial are now being followed as secondary
outcome measures [87]. Given our findings demonstrat-
ing that PD325901 modulates social behavior in mouse
models, this strongly suggests that ongoing and future
clinical trials for PD325901 should also monitor cognitive
and behavioral parameters as secondary outcomes.

Limitations

Our study has several limitations. As this study was
proof of concept that MEK inhibition could modulate
social behavior in a RASopathy model, we limited our
dose to 5 mg/kg. This dose was already demonstrated in
mice to rapidly attenuate ERK phosphorylation [48, 49],
and to successfully treat other RASopathy indications in
mouse models, such as shrinking plexiform neurofibro-
mas [50] and reversing growth defects [51]. The study
where PD325901 shrank mouse plexiform neurofibromas
in a mouse model saw effective tumor shrinkage both at
the dose used in our study, 5 mg/kg, and at a lower dose,
1.5 mg/kg, and these doses were well-tolerated with
no toxicity [50]. However, behavior was not examined
in that study. Recent and ongoing clinical trials using
PD325901 to treat plexiform neurofibromas have used
a maximum daily dose of 8 mg/m? [88], which roughly
equates to 1.33 mg/kg in the mouse. However, this treat-
ment course has been optimized for treating tumors, and
it is not unreasonable to expect that a treatment course
that was optimized to modulate behavior would be differ-
ent. Therefore, we urge caution with direct comparisons
between our studies and ongoing clinical trials. Addition-
ally, as part of our proof of concept we employed an acute
treatment paradigm, as a number of studies have demon-
strated that cognitive phenotypes in RASopathy models
can be reversed with acute treatment paradigms starting
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3 days prior to testing. Lovastatin administered on such
an acute regimen improved spatial memory impair-
ments in both NfI4+/— mice and Noonan syndrome
Ptpn11P%?%’* mice [52, 53]. Therefore, before making
further translations to the clinic, future follow-up pre-
clinical studies would be required to determine the mini-
mum effective dose required to modulate social behavior
in mouse models. This will need to include time course
studies in order to characterize the effects of longer-term
treatments with this drug on behavior.

Our study phenotyped Spredi-/- mice across a panel
of behavior tests linked to social functioning, with the
aim of identifying robust, reproducible phenotypes that
could be used for screening drugs that modulate behav-
ior in RASopathy models. This included testing mice for
sociability and social preference, aggression and social
dominance. However, there are other domains of social
functioning in mice that are not captured by these tests,
such as the social transfer of information [89], or emo-
tional discrimination [90]. It will be of interest to inves-
tigate these other social domains in future studies to
better characterize the social impairments of the SpredI-
/- mouse model. Finally, Legius syndrome is caused by
heterozygous mutations in SPREDI [16], whereas we
have used a homozygous Spredl mouse model in order
to be able to robustly detect phenotypes. The possibility
that lower doses of the MEK inhibitor may be sufficient
to have an effect in heterozygous patients should be taken
into consideration.

Conclusions

In conclusion, social behavior phenotypes can be mod-
elled robustly in Spredi-/- mice, indicating its valid-
ity as a model for studying ASD in RASopathies. Social
behavioral abnormalities in SpredI-/- mice are reversible
upon acute pharmacological MEK inhibition, indicating
a critical role for Ras-MAPK signaling in the regulation
of social behavior and a novel therapeutic approach for
Legius syndrome.

Abbreviations

ANOVA: Analysis of variance; ADHD: Attention deficit hyperactivity disorder;
ASD: Autism spectrum disorder; CFC: Cardiofaciocutaneous syndrome; DMSO:
Dimethyl sulfoxide; ERK: Extracellular signal-regulated kinases; EVH1: Enabled/
VASP homology 1 domain; HCN1: Potassium/sodium hyperpolarization-acti-
vated cyclic nucleotide-gated channel 1; LTP: Long term potentiation; MEK:
Mitogen-activated protein kinase; mTOR: Mammalian target of rapamycin;
NF1: Neurofibromatosis type 1; Ras-MAPK: Ras-mitogen-activation protein
kinase; ROCK: Rho-associated protein kinase; RRBs: Restrictive and repetitive
behaviors; SPRED1: Sprouty related EVH1 domain containing 1; USV: Ultrasonic
vocalization; WT: Wildtype.

Page 16 of 19

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513229-021-00458-2.

[ Additional file 1. Supplementary Material. }

Acknowledgements
Not applicable.

Authors’ contributions

HB and EL conceived and oversaw the study. SCB, EP, ZC-V, RD, YE, SAK, EL, and
HB designed the experiments. SCB, EP, and HB performed the experiments.
SCB, EP, ZC-V and HB contributed to the data analysis. AY contributed the
Spred1-/- mouse strain. SCB, EL and HB wrote the manuscript with feedback
from all co-authors. All authors read and approved the final manuscript.

Funding

This work was supported by grants from KU Leuven (Opening the Future) to
E.L. H.B.is the recipient of Research Foundation Flanders (FWO) postdoctoral
fellowships (12C1312N and 12C1315N). S.C.B. is the recipient of a Young Inves-
tigator Award from the Children’s Tumor Foundation (2018-01-005).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All animal experiments were conducted in accordance with the European
Commission Council Directive 2010/63/EU.

Consent for publication
Not applicable.

Competing interests
E.L. received consulting fees from SpringWorks Therapeutics. All other authors
declare no competing interests.

Author details

1Departmeh‘[ of Human Genetics, KU Leuven, O&N1 Herestraat 49, Box 607,
3000 Leuven, Belgium. ?Laboratory for Biological Psychology, KU Leuven, Leu-
ven, Belgium. *Department of Microbiology and Immunology, Keio University
School of Medicine, Tokyo, Japan. “ENCORE Expertise Center for Neurodevel-
opmental Disorders, Erasmus MC University Medical Center, Rotterdam, The
Netherlands. >Department of Neuroscience, Erasmus MC University Medical
Center, Rotterdam, The Netherlands. 6De;:)ar‘[ment of Psychiatry, Erasmus MC
University Medical Center, Rotterdam, The Netherlands.

Received: 14 December 2020 Accepted: 12 July 2021
Published online: 26 July 2021

References

1. delaTorre-Ubieta L, Won H, Stein JL, Geschwind DH. Advancing the
understanding of autism disease mechanisms through genetics. Nat
Med. 2016;22(4):345-61.

2. American Psychiatric Association. Diagnostic and Statistical Manual of
Mental Disorders (DSM-5%). American Psychiatric Pub,; 2013.

3. Garg S, Brooks A, Burns A, Burkitt-Wright E, Kerr B, Huson S, et al.
Autism spectrum disorder and other neurobehavioural comorbidi-
ties in rare disorders of the Ras/MAPK pathway. Dev Med Child Neurol.
2017;59(5):544-9.


https://doi.org/10.1186/s13229-021-00458-2
https://doi.org/10.1186/s13229-021-00458-2

Borrie et al. Molecular Autism

20.

21

22.

23.

(2021) 12:53

Geoffray M-M, Falissard B, Green J, Kerr B, Evans DG, Huson S, et al. Autism
spectrum disorder symptom profile across the RASopathies. Front Psy-
chiatry. 2021. https://doi.org/10.3389/fpsyt.2020.585700/full.

Morris SM, Acosta MT, Garg S, Green J, Huson S, Legius E, et al. Disease
burden and symptom structure of autism in neurofibromatosis type 1:
a study of the international NF1-ASD consortium team (INFACT). JAMA
Psychiat. 2016;73(12):1276-84.

Payne JM, Walsh KS, Pride NA, Haebich KM, Maier A, Chisholm A, et al.
Social skills and autism spectrum disorder symptoms in children with
neurofibromatosis type 1: evidence for clinical trial outcomes. Dev Med
Child Neurol. 2020;62(7):813-9.

Garg S, Green J, Leadbitter K, Emsley R, Lehtonen A, Evans DG, et al.
Neurofibromatosis type 1 and autism spectrum disorder. Pediatrics.
2013;132(6):e1642-8.

Garg S, Lehtonen A, Huson SM, Emsley R, Trump D, Evans DG, et al.
Autism and other psychiatric comorbidity in neurofibromatosis type

1: evidence from a population-based study. Dev Med Child Neurol.
2013;55(2):139-45.

Rauen KA. The RASopathies. Annu Rev Genomics Hum Genet.
2013;14(1):355-69.

Huijbregts SCJ, Jahja R, de Sonneville LMJ, De Breij S, Swaab-Barneveld H.
Social information processing in children and adolescents with neurofi-
bromatosis type 1. Dev Med Child Neurol. 2010;52(7):620-5.

. Huijbregts SCJ, de Sonneville LMJ. Does Cognitive impairment explain

behavioral and social problems of children with neurofibromatosis type
17 Behav Genet. 2011;41(3):430-6.

Lehtonen A, Howie E, Trump D, Huson SM. Behaviour in children with
neurofibromatosis type 1: cognition, executive function, attention, emo-
tion, and social competence. Dev Med Child Neurol. 2013;55(2):111-25.
Garg S, Plasschaert E, Descheemaeker M-J, Huson S, Borghgraef M, Vogels
A, etal. Autism spectrum disorder profile in neurofibromatosis type I. J
Autism Dev Disord. 2015;45(6):1649-57.

Plasschaert E, Descheemaeker M-J, Van Eylen L, Noens |, Steyaert J, Legius
E. Prevalence of autism spectrum disorder symptoms in children with
neurofibromatosis type 1. Am J Med Genet B Neuropsychiatr Genet.
2015;168B(1):72-80.

WenY, Alshikho MJ, Herbert MR. Pathway network analyses for autism
reveal multisystem involvement, major overlaps with other diseases

and convergence upon MAPK and calcium signaling. PLoS ONE.
2016;11(4):e0153329.

Brems H, Chmara M, Sahbatou M, Denayer E, Taniguchi K, Kato R, et al.
Germline loss-of-function mutations in SPRED1 cause a neurofibromato-
sis 1-like phenotype. Nat Genet. 2007;39(9):1120-6.

Messiaen L, Yao S, Brems H, Callens T, Sathienkijkanchai A, Denayer E,

et al. Clinical and mutational spectrum of neurofibromatosis type 1-like
syndrome. JAMA. 2009;302(19):2111-8.

Pasmant E, Sabbagh A, Hanna N, Masliah-Planchon J, Jolly E, Goussard

P, et al. SPRED1 germline mutations caused a neurofibromatosis type 1
overlapping phenotype. J Med Genet. 2009;46(7):425-30.
Muram-Zborovski TM, Stevenson DA, Viskochil DH, Dries DC, Wilson AR,
Mao R. SPRED 1 mutations in a neurofibromatosis clinic. J Child Neurol.
2010;25(10):1203-9.

Laycock-van Spyk S, Jim HP, Thomas L, Spurlock G, Fares L, Palmer-Smith
S, et al. Identification of five novel SPRED1 germline mutations in Legius
syndrome. Clin Genet. 2011;80(1):93-6.

Spencer E, Davis J, Mikhail F, Fu C, Vijzelaar R, Zackai EH, et al. Identifica-
tion of SPRED1 deletions using RT-PCR, multiplex ligation-dependent
probe amplification and quantitative PCR. Am J Med Genet A.
2011;155(6):1352-9.

Benelli E, Bruno |, Belcaro C, Ventura A, Berti I. Legius syndrome: case
report and review of literature. Ital J Pediatr. 2015;41(1):8.

Hirata 'Y, Brems H, Suzuki M, Kanamori M, Okada M, Morita R, et al. Interac-
tion between a domain of a negative regulator of the RAS-ERK pathway,
SPRED1, and the GTPase-activating protein-related domain of neurofibro-
min is implicated in legius syndrome and neurofibromatosis type 1. J Biol
Chem. 2016;291(7):3124-34.

24.

25.

26.

27.

28.

29.

30.

31

32

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 17 of 19

Sekelska M, Briatkova L, Olcak T, Bolcekova A, llencikova D, Kadasi L, et al.
The first Slovak legius syndrome patient carrying the SPRED1 gene muta-
tion. Gen Physiol Biophys. 2017;36(2):205-10.

Schluth-Bolard C, Diguet F, Chatron N, Rollat-Farnier P-A, Bardel C, Afenjar
A, et al. Whole genome paired-end sequencing elucidates functional and
phenotypic consequences of balanced chromosomal rearrangement in
patients with developmental disorders. J Med Genet. 2019;56(8):526-35.
Witkowski L, Dillon MW, Murphy E, Lebo MS, Mason-Suares H. Expanding
the noonan spectrum/RASopathy NGS panel: BENEFITS of adding NF1
and SPRED1. Mol Genet Genom Med. 2020;8(4):e1180.

Denayer E, Chmara M, Brems H, Kievit AM, Van Bever Y, Van Den Ouwe-
land AMW, et al. Legius syndrome in fourteen families. Hum Mutat.
2011;32(1):E1985-98.

Denayer E, Descheemaeker MJ, Stewart DR, Keymolen K, Plasschaert

E, Ruppert SL, et al. Observations on intelligence and behavior in 15
patients with Legius syndrome. Am J Med Genet C Semin Med Genet.
2011;157(2):123-8.

Chisholm AK, Anderson VA, Pride NA, Malarbi S, North KN, Payne JM.
Social function and autism spectrum disorder in children and adults
with neurofibromatosis type 1: a systematic review and meta-analysis.
Neuropsychol Rev. 2018;28(3):317-40.

Stowe B, Mercado EL, Stowe TR, Bell EL, Oses-Prieto JA, Hernan-

dez H, et al. A shared molecular mechanism underlies the human
rasopathies Legius syndrome and Neurofibromatosis-1. Genes Dev.
2012;26(13):1421-6.

Borrie SC, Brems H, Legius E, Bagni C. Cognitive dysfunctions in intellec-
tual disabilities: the contributions of the Ras-MAPK and PI3K-AKT-mTOR
pathways. Annu Rev Genomics Hum Genet. 2017;18(1):115-42.

Denayer E, Ahmed T, Brems H, Van Woerden G, Borgesius NZ, Callaerts-
Vegh Z, et al. Spred1 is required for synaptic plasticity and hippocampus-
dependent learning. J Neurosci. 2008;28(53):14443-9.

Costa RM, Yang T, Huynh DP, Pulst SM, Viskochil DH, Silva AJ, et al. Learn-
ing deficits, but normal development and tumor predisposition, in mice
lacking exon 23a of Nf1. Nat Genet. 2001;27(4):399-405.

Costa RM, Federov NB, Kogan JH, Murphy GG, Stern J, Ohno M, et al.
Mechanism for the learning deficits in a mouse model of neurofibroma-
tosis type 1. Nature. 2002;415(6871):526-30.

Shilyansky C, Karlsgodt KH, Cummings DM, Sidiropoulou K, Hardt

M, James AS, et al. Neurofibromin regulates corticostriatal inhibitory
networks during working memory performance. Proc Natl Acad Sci USA.
2010;107(29):13141-6.

Borrie SC, Horner AE, Yoshimura A, Legius E, Kopanitsa MV, Brems H.
Impaired instrumental learning in Spred1—/— mice, a model for a rare
RASopathy. Genes Brain Behavior. 2021;20(5):e12727.

Molosh Al, Johnson PL, Spence JP, Arendt D, Federici LM, Bernabe C, et al.
Social learning and amygdala disruptions in Nf1 mice are rescued by
blocking p21-activated kinase. Nat Neurosci. 2014;17(11):1583-90.
Petrella LI, Cai Y, Sereno JV, Gongalves SI, Silva AJ, Castelo-Branco M.

Brain and behaviour phenotyping of a mouse model of neurofibroma-
tosis type-1: an MRI/DTI study on social cognition. Genes Brain Behav.
2016;15(7):637-46.

Inoue H, Kato R, Fukuyama S, Nonami A, Taniguchi K, Matsumoto K, et al.
Spred-1 negatively regulates allergen-induced airway eosinophilia and
hyperresponsiveness. J Exp Med. 2005;201(1):73-82.

de Esch CEF, van den Berg WE, Buijsen RAM, Jaafar IA, Nieuwenhuizen-
Bakker IM, Gasparini F, et al. Fragile X mice have robust mGluR5-depend-
ent alterations of social behaviour in the Automated Tube Test. Neurobiol
Dis. 2015;75:31-9.

van den Berg WE, Lamballais S, Kushner SA. Sex-specific mechanism of
social hierarchy in mice. Neuropsychopharmacology. 2015;40(6):1364-72.
Egnor SR, Seagraves KM. The contribution of ultrasonic vocalizations to
mouse courtship. Curr Opin Neurobiol. 2016;38:1-5.

Maggio JC, Whitney G. Ultrasonic vocalizing by adult female mice (Mus
musculus). J Comp Psychol. 1985;99(4):420-36.


https://doi.org/10.3389/fpsyt.2020.585700/full

Borrie et al. Molecular Autism

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

(2021) 12:53

Chen YC, Kuo HY, Bornschein U, Takahashi H, Chen SY, Lu KM, et al. Foxp2
controls synaptic wiring of corticostriatal circuits and vocal communica-
tion by opposing Mef2c. Nat Neurosci. 2016;19(11):1513-22.

Nadler JJ, Moy SS, Dold G, Trang D, Simmons N, Perez A, et al. Automated
apparatus for quantitation of social approach behaviors in mice. Genes
Brain Behav. 2004;3(5):303-14.

Deacon RMJ. Assessing nest building in mice. Nat Protoc.
2006;1(3):1117-9.

Deacon RMJ. Burrowing in rodents: a sensitive method for detecting
behavioral dysfunction. Nat Protoc. 2006;1(1):118-21.

Papale A, Morella IM, Indrigo MT, Bernardi RE, Marrone L, Marchisella F,

et al. Impairment of cocaine-mediated behaviours in mice by clinically
relevant Ras-ERK inhibitors. Elife. 2016;24(5):135-63.

Schreiber J, Grimbergen L-A, Overwater |, van der Vaart T, Stedehouder

J, Schuhmacher AJ, et al. Mechanisms underlying cognitive deficits in a
mouse model for Costello syndrome are distinct from other RASopathy
mouse models. Sci Rep. 2017;7(1):1256.

Jessen WJ, Miller SJ, Jousma E, Wu J, Rizvi TA, Brundage ME, et al. MEK
inhibition exhibits efficacy in human and mouse neurofibromatosis
tumors. J Clin Investig. 2013;123(1):340-7.

Wu X, Simpson J, Hong JH, Kim KH, Thavarajah NK, Backx PH, et al. MEK-
ERK pathway modulation ameliorates disease phenotypes in a mouse
model of Noonan syndrome associated with the Raf1L613V mutation. J
Clin Investig. 2011;121(3):1009-25.

Lee YS, Ehninger D, Zhou M, Oh JY, Kang M, Kwak C, et al. Mechanism and
treatment for learning and memory deficits in mouse models of Noonan
syndrome. Nat Neurosci. 2014;17(12):1736-43.

Li W, Cui Y, Kushner SA, Brown RAM, Jentsch JD, Frankland PW, et al. The
HMG-CoA reductase inhibitor lovastatin reverses the learning and atten-
tion deficits in a mouse model of neurofibromatosis type 1. Curr Biol.
2005;15(21):1961-7.

Jirkof P. Burrowing and nest building behavior as indicators of well-being
in mice. J Neurosci Methods. 2014,30(234):139-46.

Scattoni ML, Gandhy SU, Ricceri L, Crawley JN. Unusual repertoire of
vocalizations in the BTBR T+tf/J mouse model of autism. PLoS ONE.
2008;3(8):e3067.

Weiss BD, Wolters PL, Plotkin SR, Widemann BC, Tonsgard JH, Blakeley J,
et al. NF106: a neurofibromatosis clinical trials consortium phase Il trial of
the MEK inhibitor mirdametinib (PD-0325901) in adolescents and adults
with NF1-related plexiform neurofibromas. JCO. 2021;39(7):797-806.
LoRusso PM, Krishnamurthi SS, Rinehart JJ, Nabell LM, Malburg L, Chap-
man PB, et al. Phase | pharmacokinetic and pharmacodynamic study

of the oral MAPK/ERK kinase inhibitor PD-0325901 in patients with
advanced cancers. Clin Cancer Res. 2010;16(6):1924-37.

Schmeisser MJ, Ey E, Wegener S, Bockmann J, Stempel AV, Kuebler A,

et al. Autistic-like behaviours and hyperactivity in mice lacking ProSAP1/
Shank2. Nature. 2012;486(7402):256-60.

Won H, Lee H-R, Gee HY, Mah W, Kim J-I, Lee J-SJ, et al. Autistic-like social
behaviour in Shank2-mutant mice improved by restoring NMDA receptor
function. Nature. 2012;486(7402):261-5.

Wang L, Pang K, Han K, Adamski CJ, Wang W, He L, et al. An autism-linked
missense mutation in SHANK3 reveals the modularity of Shank3 function.
Mol Psychiatry. 2020;25(10):2534-55.

Zhou Y, Kaiser T, Monteiro P, Zhang X, Van der Goes MS, Wang D, et al.
Mice with Shank3 mutations associated with ASD and schizophrenia
display both shared and distinct defects. Neuron. 2016;89(1):147-62.
Han KA, Yoon TH, Shin J, Um JW, Ko J. Differentially altered social domi-
nance- and cooperative-like behaviors in Shank2- and Shank3-mutant
mice. Mol Autism. 2020;11(1):87.

Holter MC, Hewitt LT, Koebele SV, Judd JM, Xing L, Bimonte-Nelson HA,
et al. The noonan syndrome-linked Raf1L613V mutation drives increased
glial number in the mouse cortex and enhanced learning. PLoS Genet.
2019;15(4):21008108.

Papale A, D'lsa R, Menna E, Cerovic M, Solari N, Hardingham N, et al.
Severe intellectual disability and enhanced gamma-aminobutyric

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Page 18 of 19

acidergic synaptogenesis in a novel model of rare RASopathies. Biol
Psychiat. 2016;81(3):179-92.

Maloney SE, Chandler KC, Anastasaki C, Rieger MA, Gutmann DH, Dough-
erty JD. Characterization of early communicative behavior in mouse
models of neurofibromatosis type 1. Autism Res. 2018;11(1):44-58.
Silverman JL, Yang M, Lord C, Crawley JN. Behavioural phenotyping assays
for mouse models of autism. Nat Rev Neurosci. 2010;11(7):490-502.
Wang Y, Kim E, Wang X, Novitch BG, Yoshikawa K, Chang L-S, et al. ERK
inhibition rescues defects in fate specification of Nf1-deficient neural
progenitors and brain abnormalities. Cell. 2012;150(4):816-30.

Kim E, Wang Y, Kim S-J, Bornhorst M, Jecrois ES, Anthony TE, et al. Tran-
sient inhibition of the ERK pathway prevents cerebellar developmental
defects and improves long-term motor functions in murine models of
neurofibromatosis type 1. Elife. 2014;3:1-27.

Kim SH, Markham JA, Weiler 1J, Greenough WT. Aberrant early-phase ERK
inactivation impedes neuronal function in fragile X syndrome. PNAS.
2008;105(11):4429-34.

Rosina E, Battan B, Siracusano M, Criscio LD, Hollis F, Pacini L, et al. Disrup-
tion of mMTOR and MAPK pathways correlates with severity in idiopathic
autism. Transl Psychiatry. 2019,9(1):1-10.

Wang F, Zhu J, Zhu H, Zhang Q, Lin Z, Hu H. Bidirectional control of social
hierarchy by synaptic efficacy in medial prefrontal cortex. Science (New
York, NY). 2011,334(6056):693-7.

CuiY, Costa RM, Murphy GG, Elgersma Y, Zhu Y, Gutmann DH, et al.
Neurofibromin regulation of ERK signaling modulates GABA release and
learning. Cell. 2008;135(3):549-60.

Fenckova M, Blok LER, Asztalos L, Goodman DP, Cizek P, Singgih EL, et al.
Habituation learning is a widely affected mechanism in drosophila mod-
els of intellectual disability and autism spectrum disorders. Biol Psychiat.
2019;86(4):294-305.

Tadokoro Y, Hoshii T, Yamazaki S, Eto K, Ema H, Kobayashi M, et al. Spred
safeguards hematopoietic homeostasis against diet-induced systemic
stress. Cell Stem Cell. 2018;22(5):713-725.€8.

Miyoshi K, Wakioka T, Nishinakamura H, Kamio M, Yang L, Inoue M, et al.
The Sprouty-related protein, Spred, inhibits cell motility, metastasis, and
Rho-mediated actin reorganization. Oncogene. 2004;23:5567-76.
Hotulainen P, Hoogenraad CC. Actin in dendritic spines: connecting
dynamics to function. J Cell Biol. 2010;189(4):619-29.

Bourgeron T. From the genetic architecture to synaptic plasticity in
autism spectrum disorder. Nat Rev Neurosci. 2015;16(9):551-63.

Duffney LJ, Zhong P, Wei J, Matas E, Cheng J, Qin L, et al. Autism-like defi-
cits in Shank3-deficient mice are rescued by targeting actin regulators.
Cell Rep. 2015;11(9):1400-13.

Krab LC, de Goede-Bolder A, Aarsen FK, Pluijm SMF, Bouman MJ, van der
Geest JN, et al. Effect of simvastatin on cognitive functioning in children
with neurofibromatosis type 1: a randomized controlled trial. JAMA.
2008;300(3):287-94.

Payne JM, Barton B, Ullrich NJ, Cantor A, Hearps SJC, Cutter G, et al.
Randomized placebo-controlled study of lovastatin in children with
neurofibromatosis type 1. Neurology. 2016;87(24):2575-84.

van der Vaart T, Plasschaert E, Rietman AB, Renard M, Oostenbrink R,
Vogels A, et al. Simvastatin for cognitive deficits and behavioural prob-
lems in patients with neurofibromatosis type 1 (NF1-SIMCODA): a ran-
domised, placebo-controlled trial. Lancet Neurol. 2013;12(11):1076-83.
van der Vaart T, Rietman AB, Plasschaert E, Legius E, Elgersma'Y, Moll HA,
et al. Behavioral and cognitive outcomes for clinical trials in children with
neurofibromatosis type 1. Neurology. 2016;86(2):154-60.

Stivaros S, Garg S, Tziraki M, Cai Y, Thomas O, Mellor J, et al. Randomised
controlled trial of simvastatin treatment for autism in young children with
neurofibromatosis type 1 (SANTA). Mol Autism. 2018;9(1):12.

Lidzba K, Granstroem S, Leark RA, Kraegeloh-Mann |, Mautner V-F. Phar-
macotherapy of attention deficit in neurofibromatosis type 1: effects on
cognition. Neuropediatrics. 2014;45(4):240-6.

Omrani A, van der Vaart T, Mientjes E, van Woerden GM, Hojjati MR, Li KW,
et al. HCN channels are a novel therapeutic target for cognitive dysfunc-
tion in Neurofibromatosis type 1. Mol Psychiatry. 2015;20(11):1311-21.



Borrie et al. Molecular Autism (2021) 12:53

86.

87.

88.

89.

Gross AM, Wolters PL, Dombi E, Baldwin A, Whitcomb P, Fisher MJ, et al.
Selumetinib in children with inoperable plexiform neurofibromas. N Engl
J Med. 2020;382(15):1430-42.

Walsh KS, Wolters PL, Castillo AD, Sady M, Kennedy T, Roderick MC, et al.
The impact of MEK inhibitor therapy on neurocognitive functioning in
children and adults with NF1.1n 2020. Available from: https://www.ctf.
org/images/uploads/documents/2020_NF_Conference_Book.pdf.

Weiss B, Plotkin S, Widemann B, Tonsgard J, Blakeley J, Allen J, et al. NFM-
06. NF106: Phase 2 trial of the MEK inhibitor PD-0325901 in adolescents
and adults with NF1-related plexiform neurofibromas: an NF clinical trials
consortium study. Neuro Oncol. 2018;20(2):143.

Jeon D, Kim S, Chetana M, Jo D, Ruley HE, Lin S-Y, et al. Observational fear
learning involves affective pain system and Cav1.2 Ca2+ channels in
ACC. Nat Neurosci. 2010;13(4):482-8.

Page 19 of 19

90. FerrettiV, Maltese F, Contarini G, Nigro M, Bonavia A, Huang H, Gigliucci
V, Morelli G, Scheggia D, Manago F, Castellani G, Lefevre A, Cancedda
L, Chini B, Grinevich V, Papaleo F. Oxytocin Signaling in the Central
Amygdala Modulates Emotion Discrimination in Mice. Curr Biol. 2019 Jun
17,29(12):1938-1953.e6.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://www.ctf.org/images/uploads/documents/2020_NF_Conference_Book.pdf.
https://www.ctf.org/images/uploads/documents/2020_NF_Conference_Book.pdf.

	MEK inhibition ameliorates social behavior phenotypes in a Spred1 knockout mouse model for RASopathy disorders
	Abstract 
	Background: 
	Methods: 
	Results: 
	Limitations: 
	Conclusions: 

	Background
	Methods
	Animals
	Automated tube test
	Neonatal ultrasonic vocalization induced by maternal separation
	Adult ultrasonic vocalization to social stimuli
	USV analysis
	Three chamber test for sociability and preference for social novelty
	Resident intruder
	Open field
	Nesting behavior
	Marble burying
	Burrowing
	MEK inhibitor treatment
	Western blotting
	Statistics

	Results
	Spred1-- mice exhibit altered social and communicative behavior
	Social communication deficits in Spred1-- mice arise neonatally
	Acute pharmacological inhibition of the Ras-MAPK pathway can ameliorate social phenotypes in Spred1-- mice

	Discussion
	Limitations
	Conclusions
	Acknowledgements
	References


